1416099

UDC 521.6 : 551.501.71 : 551.510.3 : 551.510.536 : 629.19.077.3 : 629.195

ROYAL ATRCRAFT ESTABLISHMENT

Technical Report 71150

July 1971

DENSITY VARIATIONS IN THE EXOSPHERE FROM JUNE 1968 TO DECEMBER 1970

by

G. E. Cook

SUMMARY

Two satellites, Calsphere (1964-63C) and Dodecapole (1965-16G), have been
used to determine weekly mean values of atmospheric densicy at heights near 1070
and 900 km respectively, between June 1968 and December 1970. Both satellites
have nearly circular orbits and are therefore ideal for studying long-term

variations in the atmosphere.

After correcting the values of density to both a fixed height and a fixed
level of solar activity, it is possible to trace for the first time the progress
of the semi-annual variation in the exosphere over 2} ;ears of high solar
activity. The sumi=-annual variation in density ls large, with the average value

for the ratio of the October maxima to the July minima being about 2. When the

results are combined with earlier data from Echo 2 there is evidence of a strong

oscillation in the amplitude with a periodicity of 3 years.
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1 INTRODUCTION
The author has studied1-4 variations in exospheric density from April
}P \ 1964 to December 1968, i.e. from just before the last solar minimum to near the

maximum of the current sunspot cycle, using the orbit ot Echo 2 (1964-04A).

E : After the end of 1968, the perigee height of Echo 2 decreased rapidly and the
z The most iuportant ottcome of these

satellite finally decayed on 7 June 1969.
studies was the discovery of a pronounced semi-annual variation in exospheric

b
i

density; the nagnitude of this effect showed no definite dependence on the level

of solar activity, but appeared to exhibit irregular year-to-year variations F

The semi-znnual variation in the exosphere
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‘ similar to those at lower heightss.
was ‘tound to exceed the magnitude expected in the atmospheric models then

current at dates before July 1966 and after April 1968, but was of the expected

LR
I

magnitude between those dates.
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Since the large exospheric variations looked somewhat anomalous during

Z
2
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] certain years. it was decided to extend the study over a 2} vear period of high
?‘ solar activity using Calsphere (1964~63C) and Dodecapole (1965-16G). These two

satellites are in near-circular orbits, which are ideal for investigations of
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the semi~annual effect. In fact, the author nss previously used data from

Calsphere6 during 1965 to check on the magnitude of the electric drag ex erienced

i

. by Echo 2. This latter effect was found to te small, while the large semi-annual

Both Calsphere 1 and Dodecapole 1 have been usad by
The 'five-card

variation was confirmed,
. 7 . . .
Brescia to determine atmospheric density for the years 1966-8.

e et

elements' of Spadats/Spacetrack are normally issued too infrequently to be really

‘
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useful for exospheric density studies using these two satellites; the present
study was made possible by the US Naval Research Laboratory, which kindly

iy

e

supplied the orbital data.
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2 ORBITAL LATA AND METHOD OF ANALYSIS
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Calsphere 1 {(1964-63C) is a polished aluminium sphere with & diameter of

0.56 m. Dodecapole 1 (1965-16G) consists of a sphere with twelve hollow rods

protruding from the surface7; the central sphere has a diameter of 0.26 m,

while the rods, wh’:h are symmetrically distributed, have a diameter of
0.0127 m and a Iength of 7.62 m. The cross-sectional areas A and masses m
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of the two sateilites are given in Table 1.
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Table 1

Satellites used

n A/m 8 i yo
Satellite m2 kg mzkg-l m2kg-1 deg -

Calsphere 0.0993 | 0.98 0.1013 } 0.2634 | 89.9 } 1070
Dodecapole | 0.929 3.736 { 0.2487 | 0.6084 | 70.1 900

Orbital data for the two satellices have been supplied at weekly intervals
by NRL. The data consist of the semi major axis a, eccentricity e,
inclination i, right ascension $, argument of perigee w, mean anomaly M

and orbital period T.

Since the eccentricities of both orbits are very small, mean values of air
density can be found at the mean height assuming a circular orbit. The
eccentricities are also sufficiently small for the effects of sclar radiation
pressure on the orbital period to be negligible. The rate of change of orbital

period T is found directly from the pzricd by differencing for the NRL data.

The average air density p experienced by a satellite in a circular orbit

of radius a 1is related to the rate of change of period bys

p = ~T/(3mad) , (1)

where 6 = FACD/m, C. 1is the drag coefficient and F 1is a factor which allows

for atmospheric rotat?on. The moiecular speed ratio is in the region 3.5 to 4.2,
while the molecular weight of the atmosphere is in the range 4.5 to 5.53. As a
result, we assume’ that C, bas a value of 2.6 for both satellites. Equation
(1) gives the density at the mean height ; represeated by

7 = a-RA-1e¢sin®i) , (2)

where R = 6378.2 km and ¢(= 0.00335) 1is the ellipticity of the earth. Errors

introduced by using equation (lj are discussed in section 3.

For each satellite the values of density were adjusted to a fixed height
;O’ which is the average value of the mean height over the time interval

considered. The adjustment was wade using a model atmosphere5 based on
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: Jacchia's 1965 static diffusicn profileslo. Since we have nearly circular

orbits, a mean value can be used for the exospheric temperature. This mean

AR
A

value Tm(K) iy given by

T, = 1.14(418 + 3.60S ) ’

22 2

T A P

where Sm is the solar 10.7 cm flux (in units of 1C Wm Hz—l) averaged

over the 55 days prior to the date of the density determination. Variations of

At et

the exospheric temperature, T , within one solar rotation were incorporated

R

"

using

T = L + 1.8(s - Sm) .

2 ©

- The 'current' level of solar activity S was taken as the mean of the values

of solar flux over seven days centred on the day before the date of the demsity

L The T KA

determination.
3 RESULTS

The results are presented in Tables 3 and 4, which give values for the

? rate of change of orbital period i, the mean height and the mean density at
;_ that height. The last two columns give Po? the density adjusted to a fixed
? height Yo and Psrp® the df;;ity aigustii to both a fixed hﬁight Yo and a
?; fixed 10.7 cm flux of 150 x 10 Wm © Hz ~. The values of Yo used for the
3 two satellites are shown in Table 1. Little error is introduced im adjusting
;_ to a fixed height since, over the time interval considered, the mean height had

only decreased by 3.5 km for 1964-63C and 25.3 km for 1965-16G.

Fig.l shows the weckly values of density o at 1070 km from Calsphere

and 900 km from Dodecapole, together with the daily values of the 10.7 cm solar

i e

é? radiation flux. Even with the averaging effect produced by using orbital data
3 at weekly intervals, there is still strong evidence of density variations

%; associated with the 27-day solar rotation period. The values of density are

E- too infrequent to allow any attempt at correlation with solar activity,

% however.

'E Fig.2 shows values of density adjusted to both a fixed height and a fixed
a3 10.7 cm flux of 150 x 10-22 thﬁz Hz-l. The response of the density to varia-

135”« 3 o
etk i,

tions in solar activity has been greatly reduced. Values of the daily geomagnetic

Vs

planetary amplitude Ap are also shown in Fig.2 and it is evident that several

S——
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of the remaining peaks in density are associated with large magnetic storms.
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The densities in Fig.2 exhibit a pronounced semi-annual variation and to
give a clearer picturc-i¢ this variation the results have been smoothed by
omitting the high values>associated with magnetic sturms and by taking running
means of two. These smoothed valves are shown in Fig.3. The dates of the
extreme values are given in Table 2; it should be remembeved that the time
resolution alloved by the data is not very good, since the original data were
only at intervals of 7 days. As can b. seen from Table 2, the dates of the
extrema given by the two satellites are in general consistent with each other
and also with the dates for the lower thermosphere obtained by King-Hele and
Walker from analysisu’12 of the orbits of 1967-31A and 1969-108A. The most
obvious inconsistency is the date of the 1970 secondary maximum, which cannot
really be defired by the exospheric data presented here owing to the three
large magnetic storms in March and April. The March maximum in 19€9 was also

shown by 1967-31A at 185 km.

The extreme values of density at both 900 km and 1070 km are given in
Table 2. These extreme values were obtained by averaging the two highest or
lowest densities. Since the densities are already running means of two and
the original data represented an average over 7 iJdays, the values quoted are
essentially an average over 21 days. Alsc given in Table 2 is the magnitude of
the semi-annual variation represerted by the ratio of successive maxima and
minima. These ratios are gshown in Fig.4 together with data for earlier vears
obtained4 from Echo 2. The height at which the Echo 2 data applies decressed
from about 1130 km im 1964 to abeut 960 km in iate 1968.

Fig.4 suggests that the amplitude of the semi-annual effect undergoes a

strong osciliation, the density raiio in the exosphere ranging between a minimum

of 1.25 and a maximum of about 2.5 once every 3 years. This is not the first
evidence for such a periodicity; King-Hele and Walker have previously suggested
that the amplitude of the semi-~anmnual variation oscillates with a period of
about 33 months. In Fig.5 we plot the density ratio at a height of 500 km
obtained from the densities derived in Ref.1l3 nsing the semi-annual temperature
changes determined by Jacchia, Slcwey and CampbelllA for dates between 1958 and
April 1966. For dates between April 1266 and November 1967 the values are
averages for four satellitesl® (1963-27A, 1964-11A, 1965-53A and 1965-554) in
the 500 km height region. For 1968 the results are from three satellitesn’16

(1963-27A, 1965-53A and 1966-118A). Since the amplitude at heights near

1000 km iy similar to the amplitide aear 500 km, we have ineluded the average of

the values from 1964-63C and 1965-16G for dates from November 1968 to 1970.
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Fig.5 shows clearly that a 3~year periodicity has existed in the amplitude of

the semi-annual variation from 1958 t< 1970, i.e. over all 12 years far which

satellite data are = ‘ailable.

i0 .
In the past, ot empts have been made'" to represent the semi~annual

variacion in density by assuming temperature variaticns in the thermospnere,
the marnitude of the tempereture variaticn being proportiomal to the 10.7 cm

solar radiation flux. As soon as the first study1 was performed using Ecbc 2,

k) s o o b o

ho'-wer, it was evident that the amplitude in the exosphere was far too large

t . rep eserred entirlly by such remperature variations. The inadequacy of
11,17

Skt wrn o it

t . e jentarton was confirmed as soor as results became available from

Y o T AL S L s A b SR A R gyt o i s 2 N

tha -.ite of n.. . “es with perigee heights in the region between 150 and

bl

200 ..r. A stz . rocket resu..s showed that the effect is also present at

90 km, a near-..opycnic level for other variations.

Jacchia has recently reconsidered18 the semi-annual effect and suggested

that it caa be represented by a pure density variation whose amplitude is a

Wﬂ:ﬂﬁ&s.&‘:,ﬁhﬂ%&fﬁ@‘ﬁfﬁ

bt

functicn of he.ght., Using data from seven satellites averaged over a number of

years and the rocket data of Ref.3, he has found inhat the semi-~annual variation g
5
in density can be reprasentad by the empirical ralation %
| 3 legjg o = f£(2)g(t) 3
|
§ -7 2.3 -
| where £(z) = (5.876 x 107 22" 31 4 0.06328) exp(-2.868 x 10™z)

AU Sk sl b s

£(t) = 0.02835 + 0.3817/1 + 0.4671 sin (2nt + 4.137) ] sin (4=t + 4.259)

with
T = & +0.09544 ([} + 1 sin (270 + 6.035))2°8%0 3 | z
The height =z 1is measured in km and ¢ is the phase given by g
3
¢ = (r ~ 36204)/365.2422 2
%

t being the time in MJD.

: The density ratic between the October maximum and the July minimum as 3
3 i given by the above relation is shown in Fig.€. Also shown are the average i%
;; : values over 3 years {~ suitable time scale in view of the periodicity discussed 3
i:‘ i above) for the same ratic obtained ircem the two satellites studied in this paper. 2
o 4 3
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It appear; that Jacchia's empirical relation gives & good representation for
the average value of the semi-annual amplitude in the exosphere. The near-
agreement at 900 km is particularly satisfactory since there was a large gap

in Jacchia's data between 595 and 1130 km.

The main errors intvodu.ad by using equation (2) to svaluate mean deneity
are due to negiect of the diurnal bulge and the secsonal-latitudinal variation
of helium. If the diuvrnal density variation with angular distance from the
centre of the bulge was exactly sinusoidal, there would be no 2rror from this
source. Since a sinusoidal variation should be a reasonable approximation at

heights near 1000 km, the error f-om this source should be no more than a few
per cent.

The effect of the seasonal variation of helium as given in Jacchia's
latest model atmosphere19 has beun examined in some detail. If an allowance
was made for it and mean densities at the equator were cobtained, the values
would be unchanged at the equinoxes, but reduced by about 20% at the solstices.
Inclusion of the effect in the data analysis of this Report would not affect
the conclusions about the existence of the 3-year periodicity, although the
magritude of the semi-annual effect would be increased by about 10% on average.
At present there are uno direct measurements of seasonal variations in the
1000 km height region, while the model is mainly based on results from a sirgle
satellite, Exploxer 19, at heights near 700 km.

4 CONCLUSIORS

The present study of variations in air density <t heights of 900 and

1070 km from June 1968 to December 1970 using Dodecapole and Calsphere has

provided a useful extension of the earlier exospheric studies made by analysis

of the orbit of Echo 2. There are two main conclusions:

(1) The year-to~year variations in the amplitude of the semi-annual
varia .ion may not be so irregz.lar as we have sometimes believeds’ia.
Results over 7 years at heights between 900 and 1130 km indicate that

the amplitude in the exosphere undergces a st-ong oscillation, the density
ratio between successive maxima ind minima varying between 1.25 and 2.5
once every 3 years. The same puriodicity is alsgo present at heights near
500 km. The amplitude of t .« semi-annual variation appears to b=

unrelated to the level of soiar activity.

(2) The variation of the ive age amplitude with height in the exosphere

is well represented by the empirical relation recently given = by Jacchia.
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Takle.3. Valves of zcceleraiic and density for 1904—63C

BATE

40012,5
40026 3
¢0033,
40040,5
40047,
40056,5
40061 ,5
400685
40075,3
40082,
400895
40096,5
60103,5
$0110,8
40917,8
40124,5
4013%,5
40133,5
60148,
40152,
40459,5
40166 ,5
40173,8
£0180,5
40167,
40194,5
£0201,5
€0208,5

Th0T
S, 6565208
94,288E08
©3, 373Ee08
“3,770E~08
©2,680E+03
=4, 067¢=08
e3 373E«08
3, 770E=08
w2 9T6E=08
i T62E=08
v ,266E=08
~3,770€-08
"4, 365E08
S5, 853608
*4,683E~08
4, 861608
=5 754E«08
*S 357Ew08
"4, 548E=08
=5, 745E~08
*1,032E07
7 ,837€<08
*6.349E<08
“6,647E°08
“6,647E~08
“6,349E%08
5, 080E=08
o5, 456€E=08
“5,448E208

YRAR
1072,3
1072.,3
‘072.%
1072.2
1072,2
10722
1072.2
1072.2
1072,2
1472 1
1072 1
i072.1
1072.4
1072.1
1072.0
1072.0
10720
1072,0
10¥71.9
107%.9
1071.9
1071.8
1071.8
1071.8
1071.?
10?1.,7
1071.7
1071.6
1071.6

RHO
?.954k=15
2.310«15
1.826g8-19%
2.041F145
1.363€ew»45
2.202f-15
1.826E445%
2.041c=15
1.6%4£45
2. 578¢.45
2.310¢ca43
2.041p=18
2.%64r18
5.169c-15
2.528F=15
2.6325«45
3.4%6£-953
2.90%c.15
3.545z=15
3.653¢«15
5.587F=135
&.244F=15
3.438F=13
3.599¢a45
3.590¢«45
S.432k-13
2.76001%
2.955¢-183
3.492€+=145

Sonasa s

RHOO
2.981E=15
2.301€=15
1,843E~15%
2.079€-1S
1,355¢~15
2,222€-15
1,842%-45
R.03%E-13
1.625€«45
c.601E-15%
2,330E.15
.038g-195
2.383E-15
3.195€-15%
2.545€E-15
Z2,653E~15
3.140E=15
2,923t.48
3,572g=45
3.681€=-15
5.,631E=43
4,275€-45%
3.462E-18
3.624E-15
3,.6242-15
3.462E-13
2,758€-15
2,974E=145
3.515€~45§

et ~d A

RHOSTD
3, 372845
2,5%4Ew13
1,918801%3
2,567E=18%
T.654Le18
2,478E-15
2,913%a13
. 441813
1,922E«18
2,57%t18
2,616E«13
2,8178~48
2,8228-15
3,450E015
3.051€-45
2.97TE=15
3,421E=153
3.318€-18%
4.233E-48
3.557€=45
$.03%E.18%
6.620E<%5
3,850E-18
3.808E-1S
6.042E<13
3.397€13
2,867C18
3,2928~18
3.358C4%
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DATE
$0229,5
€0236,3
60243,8
0250,5
40257,5
40264,8
271,58
40278, 5
40288,
i 40292.5
‘ 40299, 3

40306,5
40313,5
40320,3
$0327,3
R 40334, 8
i 40341,5
_ 403483
- 40355,

49362,5
£0370,0
60377, 0
40383,3

,;_gf | 60390, 5
: 40397, 8
60404,

60411,3

40418,8

40425, 5

€0432,8

TDOT
w6 ,082E~08
26 ,7$2E=08
w4, 841E-08
@4 ,683E-08
w6, 5648508
o4 ,861E=08
*$ 855€-08
“8,435E-08
wé,Lb8E=08
w5 853E«08
=5 623E08
*j.121E=07
®7 ,242E=(8
w6 746E003
8 433E-08
“6,151E=08
a6, 4&BEOS
»5 159€«08
=7 ,837E08
*6,250E=08
o8 122t«08
%4, 167E=08

w? 540Ee08

6,052E~03
.3, 968E=08
o3, 2V4E08
24 ,861E=08
“4,067E-03
*2, 4806208
*3,075€208

Table.3 (cont'd)

YRAR
1071.6
1071.5
19071.5
1071.5
1071.5
1071.4
1071.,4
1071.4
1071.3
1071.3
1071,3
1071.2
1071,2
$071.1
1071,1
1071,
1071.,0
1071.0
1021,0
107%.0
1070.9
1072.9
$070.9
1070.8
10708
1970.8
1070,8
1070.8
1070.8
1070.7

RHO
3.277e-45
2.579ew18
2,632Ea15
2.528€6-15
3.566E%15
2.632c-18%
3.062c«1S
{.5662-15
3.4928-18
S.170E=15
%.2912a15
6.0716=15
$.922e+45
3.633¢c.15
4.5645.45
3.3531e~13
3 4926415
2 794Ee15
b.2445a1S
3.38%E-15
2. 7%¢e1S
Z2.2%86€E~15
4 083EF.15
3.277E=4%
2.149F%53
1.773c~18
2.633c.1%
2.2035+15
9.363E+13
1.666g-13

Table.3 {cont'd)

RHOO
3,299¢€-4%
2.595€.18
2.643E.18
2.540E~15
3,566¢8-15
2,647E-15
3.080E=15
4.595g=15
3.511E=13
3,186E=15
5,242E-15
6.105€-1%5

L9435E-15
3.671E=45
4,589€<15
2.346E-15
3.507€.18
2,805€E-15
& 262E~13
3,398k~18
2,784E~158
2.2658=45
4,101K-145
3,2898~45
2.1568=15
1,777 k%5
2,641%-13
2.210E=-15
1.347E=15
1.670€=15

RHISTD
2.8082-18
2.3798«15
2,820%.18
2.749E-1Y
3,752€.48
2,952€E2158
%, 201Ee18
3.395g~18
3,509E018
3.646E8213
3,7208018
4,233E=15
2,753€-18
3.0265.15
3,473E-18
2.969E=48
X,508E«18
2,739E~18
3.95%F«18
5.0698-453
3,046E-18
2,2558~18
2,6658415
2.8038-18
2,6088=18
§1,776E=18
2.341818
2.,4148-15
1.8838448
1,7788-15
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Table.3 {coni'd) 13
Table.3 {cont'd)

DATE To0TY YRAR RHO RHOO RROSTD
40439,5 «5,959E«02 1070,.7 2.794E-13 2,802E~15 2 150E~15

40446,5 =4 S4SE~03 1070,7 2.364c=15 2,370E-15 2,996E=1S
40453,5 =2 679E=08 1070.7 1.459£.15 1,45%E<15 2,0938a48 é
40460,5 =4 167E=08 1070.7 2.2875=15 2.263E-15 2.4296=18 %
40467,5 o5 952E«08 1070,6 3.2245-15 3,2328.15 3,525E<1S _
40474.5 -4 167E<08 10706 2 287:.13 2.262E.15 2 ,09%El18 §
60481 .5 o3 869€<08 1070.6 2_095c.iS 2.100€-~15 2, 380£-15
406488,5 =5,258E08 1070.6 2.868E=13 2.854g=15 3,127E~15

60495,5 «6,23CE*08 41070.6 3.385F«15 3,392E«15 4,045E«15
40502,5 =4,6636~08 1070.5 2.5285F=1% 2,.330€-13 2,9538-15

£0509.5 4, 563E+08 1076.5 2.471F<1S 2, 476E~15 3 170E{S
40816,8 =7.143E*08 1070.5 3.848F«15 3.8376E-15 3,8Ss5E=18
40523,5 +8,3336<08 1079.4 4.513r=135 4,522E-15 3,769Ew1S 1
4053%,0 w6 076E<08 1070.4 3 291£.13 3,296E-15 3 498E.1S3
40538,0 15 903E<08 1070.4 3 49715 3,202E-15 3, 686Ea15
405e4,5 =6,568€408 1070.3 3.546g-15 3.551g-15 3,080€-15
40551,5 «7.937E~08 1070.3 4.298E«15 4.304E-15 3,182E«4S
60538,%5 w8 T46E=08 1070,3 3.684£-15 3.6586-15 3, 720Ea1S

4086%,5 =5 069E=08 1070.3 2.740£a1S 2,743E-15 3 086EaiS

40573,0 =%5.816E08 1970.2 3.13505=15 3,15358-15 3,150%-18
40580,0 =6.019€208 1070,2 3.260F=15 3,262E-15 3,084E=15
40586, =5 754E=08 %070.2 3. 196:-15 3, 119E-15 2, 973E~1$

.,
St onEa A s ik b st b 0 B oo A

4G593,3 =4, 26066208 1070.1 2.310801% 2,312E-15 2, 600Ea18
40600,5 <6.250E=08 9070.1 3.385p<1%5 3,387p-15 2,932f«1S

) ;
AT b o St

40407,5 =6,8456+08 G07C.1 3.707e-15 3,709€~15 3,179E-15

A SRS s bl

40694,8 8 357E«08 1070,1 2 901re15 2 ,902E-13 2,682E.13

e

40622.0 =& T74E08 1570 0 2 _S86F.13 2 ,586E-15 2 783215

40629,0 »6 S97E=08 070,80 3.5738.15 3. STIE-15 E,T4z2Ee1S

40638 ,5 o $39E03 10700 4. 137Fa1% & 137E-15  2,74BEa18

T &
B Ao bt Attt St il

EYR71150 3

R St vns

40642,3 =7 ,242E<08 1069 .6 3 922Fa15 3 921815 2,762%«15 -
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Table.3 (cont'd)
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¥
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DATE

60649,
40656,%
40663,5
40670,
L067?7,5%
406864,
40691,3
40698,
40705,5
60712,
40719,5
40726,
40733,5
40740,5
40747,%
40754,5
40761,5
40768,0
40774,%
4078%,5
40789,0
40796,%
40303,
4081G,%
40617,
60824,8
40832.0
4083%,0

40846,0
40833,0

TboT
w?,262E%08
*9,427¢E~08
»5,655€6~08
»6,349E~(8
=8, 929E~«08
«8,532E-08
8 036E=08
~7,738£~08
=6,.6448E-08
»7 837E=08
»6,746E=08
=7.837€E=-08
“§,135€6=08
w6 ,64TE=08
4, 7628~08
»7.560E-08
=5,853E~08
©6,250E=08
"5 ,952E-08
»3,968E-03
»3 ,906E~T8
»5, 458E-08
=3, 373E~08
~3,075€~08
*4,563E=08
»4 664LE=-03
*5 035808
ve B861E~08
*4 TT4E=08
S, 671E~08

Takie.3 (cont'd)

YRAR
1069.9
106%9.9
1069.8
106%.8
1069.8
1069.,?
1069.7
1069.,7
1069.6
1069 .6
1069.6
1069.5
1069.5
1069.4
1069.4
1069.4
1069.4
1069.3
1069.3
1065.3
1069.3
1069.2
1069.2
1669.2
1069.2
1069.2
1069,
1069 .1

1069.4

.106% .1

RKO
3.9227«15
6.943E=95
3.063¢=15
3.430F-43
L.836E-1S
L.624E=15
L. 382E15
4.194F~45

(¥}

LL93Feq5
4.245£-15
3.654Ee15
4.263E-15
. L08F-15
3.600F-43
2.579F=15
L.084E-15
3.170E~1§53
3.385F=15
3.2248<45
2.149€-15
2.116F=15
2.984E~15
1.8278«45
1.666F=15
2.472F-15
2.498F-18
2.727Ex15
2.633F«15
2.584E=145
3.072E=15

RHOO
3.721€-15
4. 941E=-15
3.069€~ %
3.436€-45%
4.831€E~45
4.8158«45
4, 366E-95
4,1858-148
3,487E=15
4,238E-15
3,6LTE=15
4,256E~45
4.396E-15
3.592€-15
2.573E=-15
&.0738=45
3.162E~15
3.376E~-15
Y. 2154815
2.143€~-15
2.110€-15
2.9456E-18
1.821E=15
1.661E~15
2.464LE=15
2.410€8=-15
2.718€-18
2.8624E<18
2.577E-1S
3.0061E<15

RHOSTD
2,863E~15
3,794E=48
2,830E-15
2.7908~45
3.968E«48
2,803%=18
3,180€-15
4,225€-15
3.359E~15
3,752E«18
2,816E.15
3,026E~15
3.754E=18
3.493E~15
2,622€«15%
2,9528=45
2.928E-15
2.T22E=15
2,520E-18
2,348E=15
2.147E=1§
2,624E=-18
2,048E«15
7.8368-18
2.,332E-18
2.734E2S
2,82¢E~18
2,772¢-4%
3,283E-18
3,233E15
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UATE
408%9,5
40867,0
4b0874,8
40881.5
£0888,S
40895,0
£0904,5
£0903,S
409483,5

Table.3 (concl'd)

T0OT
»6,548E~08
6, TT4E~O8
*7,262E=08
*T.2642E°08
9, 625E=08
9, 4P1E=D8
8 730E=N8
»8,631E-08
8 433E-08

SETELRASACERTEY

Table.3 {concl'd)

YRAR
1069.0
1049.0
106%.0
106%.0
1048.9
1068.9
1068.8
1068.3
1068.8

RKO
3.547€~13
2.586k+13
3.923E-15
3.9236-13
$.108k-15
§.184515
L. T25E=18
&.675E=14S
&.368c=15

“n T N -
= 2 ' - ol =
et A ST R i e -

KHI0
3.5338=45
2.S5T6E-1S
3.207¢-1°%
3.907€~48
5.0818=15
$.117€-15
&, 7068=-13
6.650E=13
&,545€.45

s
x

RHOSTD

6,004E=15
2.94TE=15
&, 562813
4.566E-15
4,328E=15
$.130E=18
6. 541818
S.4612~18
&, 672815
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DATE
400195
40026.5
40033,5
40040.5
40047.5
40054.5
40061.5
40068.3
40075.5
40082,5
60089,5
40096.5
40103,3
40110,5
40117,5
40124.5
40131,5
40138,5
4G145,5
40152.3
4£0159.5
40166,53
40173.5
40180.5
46187,5
40194.5
40201.5
40208.5
40215.5
40222.5

TRGY
~2, 502607
-2,619E<07
“2,609E=07
~2,409E=07
~2,093E~07
=2,381E~07
n2,192E=07
nq,8(5E=07
~2,063E~07
~2,7T38E~07
~2,431E=07
-1,875E=07
~2,589E«07
~3,373E=07
~2,8085~07
~2,698E-07
~h,40SE=0?
-4 457E=07
~b,623E=07
~5,565E=07
~3,204E=07
~4,583E=07
.3, 740E=07
-4,013E~07
©3,770E=07
«4,375E-07
~3,740E=07
=3,710E-07
~4,722E=07
~3,880E=07

YBAR

913.4
13,2
913.1
913.0
912.9
912.8
942.7
9212,6
912.5
912.4
912.2
912,1
912,0
911.9
911.7
911.6
911.4
911,2
911.0
910.8
910,5
940,2
910.0
96%9.8
909,6
909,4
909,.2
909.0
?08,8
908,686

X

RHO
8.387£-15
6,272E=15
6.249E~15
S,750E~15
5,013E~45
5.703E=15
5.251E=15
b, 420E=15
4,942E=15
6.558E«15
5,822E~15
4.491E=15
6.202€<15
8,080E~15
6.725E=15
6.6464E=15
1.0558~14
9,9588x15
1.108E~14
1.333E-14
1.966E=14
1.098E=14
8.961E~15
9,627E=15
9,033E~15
1.048E~14
8.962E=15
8.891E~15
1,132E~14
9.319€=15

RHOO
9.130€E~15
6,827E~15
6,815E~15
6,221E~15
5.453E~15
6,189E~15
5.688E~15
4,778E=15
5.341E=15
7.133E=~45
6,315E~15
4,830E~15
6,684E~15
3,r31E~15
7,231E-15
6,982E=15
1,137E=14
1,070E~14
1.986E~14
1.436E=14
2.118€~14
1.474E-14
9.555€~15
1.026En14
G.609E=15
1.116E»14
9.530E~15
9.426E=15
1.201En14
9.866En1S

Table.4
Table.4. Values of acceleration and density for 1965—16G

RHOSTD
1,081E=14
7.910E=15
7.203E~15
8,300E=15
6,012E=15
7.193E=15
6.868E=45
6,030E=15
6, 716E~15
7.025E=15
§5,64L1E~15
6,681E~15
8,418E~15
9.704E=15
9.257€~15
8.155€=~15
1,279Ew14
1,273€~14
1,496E=14
1.369E«14
1.810E=14
°,307E=14
1.106E~14
1.135E-14
1.917E=14
1.577€=-14
1.005€-14
1.084€E~94
1.222E=%4
1,072E=1¢
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Table.4 (cont'd)
DATE TDOY YBAR RHO RHOO RHOSTD

40229.5 «3,502E«07 908,4 8.393E-15 8,926E~15 7,119E~15
40236,5 =3,264E~07 908,3 7,822E-15 8,295€E%15 7,344Ew1S
40243,5 ~2,609E=07 908,1 6.253E~15 6.599E=15 7.197E=~15
40250.5 =~2,808E«07 08,0 6.7298~15 7.092E=~15 7,942E~15

40257.5 ~4,167E=07 917,9 ©.9865=15 1.052E=14 1,129E»14

40271,5 =3,385E-07 907,5 B8,108£<15 B8.526Em15 8,994E~15 :
40278.5 =~5,506E-07 907,3 1,320E=14 1.396E-14 8.793F<15 B

40285,5 =3,720E-07 907,1 8.917E=15 9.358Em=15 9,351FEe15
40292,5 «3,770E=07 906,9 9.036E=15 9.4556~15 ¢ ,053E«14 :
60299,5 <«7,877E-07 906,06 1.888E~14 1.988Ew14 1,229E~14 . g
40306.5 ~9,851E=07 906,2 2.362E=~14 C.479E~14  1,483Ee14 %
40313,5 =7,073E=07 905,383 1.696E~14 1.774E~14  1,073E<14
40320,5 =5,476E=07 9065,5 1,313E~14 1.3676m14  1,041E14 ;
40327,5 =6,448E~07 905,2 1.546E~14 1.609Em14 1,087E-14 é
40334,5 «4,514E=07 9C4,9 1.082E-14 1.122€»14 9,486E«15 E

40341,5 =~3,671E=07 904,7 8.801E~1S 9.092E=~15 §,096E=15

Rt R R Yl TR/

40348,5 =2,867E=07 904,6 6.875E~15 7.097E~15 6,.865E+45
40355,5 =5,278E=07 904,4 1.266E=14 1.306E-14 1,175Ee14
40362.5 =~3,839E~07 904,2 9,206E=15 9,487E~15 8.223E=15

LIPS T T S S LY

40370.0 ~3,177E~07 904,0 7,619E~1%5 7.822E-15 8,853E~15
40377.0 =3,171E=07 903,9 7.605E=~15 7.809E~15 7,761€E=15

;
IS4
o2

e

PR PRI 2 e e
NI m.éw e ol
.
LT S YPTRIPIRE PN

40383.5 =5,883E=07 903,6 1.415E~14 1.453Enr14  7,158E~15
40390.,5 ~4,395E~07 903.4 1.054E=14 1.081E~14 8,633E~1S
40397,5 «2,.331E~07 903,2 5.591Ee%5 5.711En15 §5.646E-15

e
.
i SLE AN a7 2

40404.5 =2,609E~07 903,1 6.257E«15 6.394E15 6,378E-15

res

60411,5 =3,3738=07 903,06 B8.068%9E=15 8.267E=15 6.986E~15

Lealadouane

Y ey e,
mm :.Jiv,.‘.? 0 Nl

40418,5 ~2.391E«07 902,8 5,734E=i5 5.843E~15 6.603E#15

P
i ¥k

40425,5 «1,587E=07 902.8 3,807€~15 3,872E~15 5.231€#45
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40432,5 «1,974E=07 902,7 4.735E~15 &,820E~15 S.254E»15
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DATE

40439,5
40446, 5
40453.5
40460.5
40467.5
40474, 5
40481, 5
40488.5
40495, 5
40562, 5
405095
40516.5
40523, 5
40530.5
40537.5
40544,5
40551.5
40558, 5
40565.5
40573.9
£0580.0
40586.5
40593, 5
40600.5
1,0607.5
40614.5
40622.0
406290
40635.5
40642, 5

007

=3,492E=07
=2, 440E=07
~1,617E=G7
=2, 728E=07
“3,224E~07
~2,619E=07
~3,056E=07
~h,077E=07
=4,931E=07
~3,214E=07
r2,927E=07
~3,958E=07
~5,327E=07
~3,958E~07
>4, 077E=07
.4, 792E=07
~6,716E=07
=5,000E=07
~3,323E=07
©3,342E-07
-4, 375E=07
-3,532E=07
=2,688E~07
=4,504E=07
=5, 7S4E~07
~3,423E~07
=3,908E~07
«3,889E=07
»5,089E~07
«4,970E=07

Table.4 (cont'd)

YBAR

992,5
902,4
902,3
902,2
902,1
901,9
301.8
9201.6
901,4
901,2
901,1
900,9
900,7
960,5
900,3
00,1
899,8
899.,5
299,3
899,14
899,0
898,8
898,6
898,.5
898,2
898,0
897.8
897,7
897,5
897,2

RHO
8.376€«15
5.853E«15
3.879E«15
6.544E=15
7.734E-15
6.282E~15
7.329E~15
9.781E~15
1.183E=14
7.711E=15
7.021E«15
9.496E~15
1.278E=~14
9.497E~15
9.782E~15
1.950E=-14
1.611E=14
1.200E~14
7.975E=-15
8.019E=15
1.050E-14
8,475E~15
6.452%~15
1.081E-14
1.381E<14
8.214E~15
?,458E«15
9.334E-15
1.221E=14
1.193E-14

RHGO
8,530E~15
5.940E~15
3,930E=15
6,640E=15
7.839E=15
6.355€=~15
?.,411E~15
9.885€E~15
1.,193E=-14
?7,771E=15
?.066E=15
9.557€=15
1.285E=1¢
9.525€=15
9.799€=15
1.150E~14
1.609E~14
1.196E~14
7.938E~15
7.,972€=15
1.042E~14
8.4L02E~15
6,394E=4%5
1.069E~14
1.363E~14
8,097€~15
7.351€~15
$.168E~15
1.197E~14
1.167E~%4

gn g By g

“Table.4 {con¥’ d) -

RHOSTOD
7.473E=45
8,149€~15
6.350E~15
7.326E~15
8,838E«15
9.273E~15
9.799E=15
§.121E=14
1.517E=%4
9.597€=-15
9,855€«15
8.806E=15
9.945E=15
1.108E=1¢
1.200E>%4
9.458E~15
1.052E=14
1,224E~14
9.332E~%5
?7.962E~15
9,635E~15
7.859E«45
7.550€=15
8.728k«45
1.097E~14
7.250€~15
8,126E~435
6,319E+-15
6,753E~15
7,138E=15
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Table.4 {cont'd)

DATE
40649,.5
40556.5
40663,5
4067%0.5
40677.5
40684,5
40691,.5
40698,5
40705,5
40712.5
40719.5
40726.5
40733.5
40740.5
40747,5
40754.,5
40761.5
40768,0
40774.5
40781.5
40789,90
40796,5
40803,5
40810.5
408317.5
40824,5
40832.0
40839,.0
40849.0
40859,5

7007
=6,012E~07
»?,143E=07
~5,298E=07
=5,685E-07
=6,587E=07
“G,657E=07
»5,327E=07
=5,488E=07
b, 454E=07
=5.744E~07
=5,794E~07
~6,300E~07
»5,685E=07
=4 ,514E=07
3, 423E=07
~5,437E=07
~3,849E=07
=4, 757E=07
~4,742E=-07
=-2,669E-07
=2,969E-07
-3,859E-07
-1,796E=07
=2,054E~07
=3,264E~07
=2,956E=~07
«3,953E=07
wh,352E~07
~3,839E~07
»4,206E~07

Table.4 (cont'd)

397,0
896,7
896,4
896, 1
895,8
895,5
895,2
895,0
894,7
894.5
894,2
893,9
893,6
893, 4
893,2
893,0
892,.8
892,5
892.3
8922
892,0
891,90
§91,7
891,7
891,5
891, 4
891,.2
891,0

RHO
1.443E-14
1.715€-14
1.272€=4
1.365€=14
1.581E-14
1.598k~14
1.279E-14
1.317E~14
1.070E~14
1.379€=-14
1.391E-14
1.513€e=~14
1.360E-14
1.084E-14
8,220E~15
1.306E-14
9.,245E=%5
i.143€~14
1.130E=-14
6,L10E~15
7.131€=15
9.270E~15
4.313€=-15
4,933E«15
7.792E-15
?7.102€~15
?.500€~15
1.0458~14
9.223E~15
1.011E~14

RKHOO
1.409Em14
1.071Em14
1.239E~14
1.325En14
1.522E~14
1.541E~14
1.232En%4
1.272E~14
1.030E~14
1.324E~14
1.330E~14
1.442E~14
1.2978-14
1.034E~14
7.841E=15
1.2356~14
8,773€=15
1.079E~14
1,673E~14
6,082E=15
6,747€-15
8,731E~15
4,083Ea15
4,665E~15
7.348E~15
6.708E=15
8,949E~15
9.830E~15
8 . 689E~15
9.486E=15

RHOSTD
9.061E=15
1.153E~94
1.110E=14
9.887E~15
1,162E=%4
8,071E=~1S
7.944E-15
1.2898«14
9.?777E=15
1.117E=14
9.248E=15
8,995€=15
1.039E=94
9.948E~15
8,048E=15
7.862E~15
7.878€-15
7.976E=15
7.663E~15
6,896E=15
6,996E=15
7.424E#15
4,788E~15
5.356E~15
7.633E~15
7.974E=15
9.446E-15
1.060E=14
1.,107E=14
1.126E=14
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Table.4 {concl'd)

ADCAT: |y, A S B AN B o O L B O il OV AN -

DATE TDOT YBAR RHO
40867.0 =3,307E-07 890¢,3 ?.946E=15
40874,5 =~5,233E~07 890,0 1.258E=14
40881.0 =~6,4385-07 889,38 1.552e~14
40887,5 =7?,589E-~07 889,5 1.824E-14
40394.5 ~8,244E-07 389, 1.981€E-14
: 40902.0 =~7,309E-07 888,7 4.756E-14
| 40909, =6,655E~07 888,4 1.599F=%4
40916.0 =5,425€~07 388,% 1.304E~%4
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Table.4 (concl’ el

RHOO
7,452E~158
1.979E=14
1.649E~14
1,685En14
1.834E=14
1.618E~14
1. 4h60E~14
1.498E~14

REOSYD
8,962E+15
1.457E«14
1.689E+»14
1.368E»44
1.807¢=14
1.456E~14
9.,853E=1S
1.191E14
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E RAE Technical Report 66105 (1966) ;
g* A 2 G.E. Cook Variations in exospheric density at heights near é
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3 : 3 G.E. Cook The semi-annual variation in air demsity at a height E
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